Molecular wires show promise in nanoscale electronics, but the synthesis of uniform, long conductive molecules is a significant challenge. Deoxyribonucleic acid (DNA) of precise length, by contrast, is synthesized easily, but its conductivity over the distances required for nanoscale devices has not been explored. Here we demonstrate DNA charge transport (CT) over 34 nm in 100-mer monolayers on gold. Multiplexed gold electrodes modified with 100-mer DNA yield sizable electrochemical signals from a distal, covalent Nile Blue redox probe. Significant signal attenuation upon incorporation of a single base-pair mismatch demonstrates that CT is DNA-mediated. Efficient cleavage of these 100-mers by a restriction enzyme indicates that the DNA adopts a native conformation accessible to protein binding. Similar electron-transfer rates measured through 100-mer and 17-mer monolayers are consistent with rate-limiting electron tunnelling through the saturated carbon linker. This DNA-mediated CT distance of 34 nm surpasses that of most reports of molecular wires.
Molecular wires show promise in nanoscale electronics, but the synthesis of uniform, long conductive molecules is a significant challenge. Deoxyribonucleic acid (DNA) of precise length, by contrast, is synthesized easily, but its conductivity over the distances required for nanoscale devices has not been explored. Here we demonstrate DNA charge transport (CT) over 34 nm in 100-mer monolayers on gold. Multiplexed gold electrodes modified with 100-mer DNA yield sizable electrochemical signals from a distal, covalent Nile Blue redox probe. Significant signal attenuation upon incorporation of a single base-pair mismatch demonstrates that CT is DNA-mediated. Efficient cleavage of these 100-mers by a restriction enzyme indicates that the DNA adopts a native conformation accessible to protein binding. Similar electron-transfer rates measured through 100-mer and 17-mer monolayers are consistent with rate-limiting electron tunnelling through the saturated carbon linker. This DNA-mediated CT distance of 34 nm surpasses that of most reports of molecular wires.
E xtensive research has focused on CT through conjugated molecules in an effort to use these molecules as components in the construction of nanoscale circuits 1, 2 . Molecular wires provide a unique opportunity to study CT in one and two dimensions and are promising materials for electronic applications, such as optoelectronics, energy storage devices, logic circuits and sensors 3 . Thus, many efforts were directed toward the fabrication of long, linear conjugated molecules for these purposes [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, the synthesis of functional molecular wires is challenging, as these wires must have precisely defined, uniform lengths and functionalized terminal groups to bond to electrodes or electroactive moieties. These requirements limit the effective length of the conjugated molecules to 10-20 nm (refs 1-9) . Alternatively, DNA satisfies easily the synthetic requirements of molecular wires 2, 10, 11 . Unlike other conjugated bridges and molecular monolayer assemblies, DNA synthesis is mastered to the point of automation. Its unique structure and directionality mean that modification of both the 3 ′ -and 5 ′ -DNA termini can be executed selectively and with high yield to endow it with a variety of functionalities. Reaction products may be characterized precisely using mass spectrometry, measurements of melting behaviour and spectroscopy.
The challenge that surrounds the use of DNA as a molecular wire, in contrast, arises not in the synthesis, but in obtaining consistent electrical properties from DNA. A wide range of conductivities are reported, from insulating to superconducting [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, for those studies that utilized well-characterized connections to the DNA and preserved the duplex conformation in buffered solution without damaging the bases, high conductivities were achieved consistently 14, [19] [20] [21] [22] . In our laboratory, recently we measured singlemolecule conductivities for 15-mer DNA duplexes that bridged a carbon nanotube gap, and we observed resistances through the stacked DNA bases comparable to those expected perpendicular to graphite planes 19 . Also, in these experiments attenuation in conductivity was seen in duplexes that contained a single base-pair mismatch, as expected from photophysical studies 23 . These studies and work by other groups established that well-ordered, fully basepaired DNA facilitates electronic CT through the DNA p-stack [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Beyond the basic questions of conductivity, achieving long-range CT in DNA is particularly attractive because of its inherent biological recognition capabilities 10, 11 and its unmatched capacity to be patterned into precise, nanoscale shapes 31, 32 , ideal for nanoelectronics such as integrated circuits and sensors. The characterization of factors that govern DNA conductivity on scales of increasing length would not only facilitate the incorporation of DNA into complex nanoscale devices, but also its utilization for applications in biotechnology. Solution-based photooxidation studies showed long-range oxidative DNA damage through DNA CT over 20 nm (ref. 26) . DNA electrochemistry provides a direct measure of ground-state CT through a well-ordered molecular assembly and is of great utility for electrical device applications. 10, 33 However, efficient DNA CT through molecular assemblies over long distances has not been demonstrated, and electrochemical observation of DNA CT is limited typically to a range of 5 nm (15 base pairs) 10 . Here we probe CT through 34 nm DNA monolayers (100 base pairs) electrochemically.
Results
Preparation of DNA monolayers. Figure 1 shows the various lengths and features of double-stranded DNA used in monolayers for DNA electrochemistry. To make the 100-mer, five singlestranded oligonucleotides were synthesized and purified 34 . Duplexes were prepared by annealing a 27-mer strand with a sixcarbon thiol linker at its 5 ′ -terminus and a 73-mer strand to complementary strands that included a 39-mer, a 36-mer and a 25-mer with a Nile Blue redox probe covalently attached through a uracil at its 5 ′ -terminus, which was synthesized as described previously (see Supplementary Fig. S1 ) 34, 35 . This piecewise synthesis, which involves assembly of the double-stranded 100-mer from these overlapping single-stranded DNA segments, was employed to improve synthetic yield. Although duplexes prepared in this manner contain nicks in the sugar-phosphate backbone, DNA-mediated CT occurs through the p-stack and not through the backbone 36 , so these duplexes remain fully functional for DNA CT. The fully assembled 100-mer duplexes were designed such that the Nile Blue redox probe was positioned at one 5 ′ -terminus of the duplex and the thiol linker extended from the other 5 ′ -end. To investigate restriction-enzyme activity, 100-mers were designed with the binding site of the RsaI restriction enzyme near the centre of the DNA duplex. Likewise, those 100-mers that contained a single CA mismatch also had the mismatch located near the centre of the duplex. Well-matched 17-mer strands were prepared with the same modifications, the Nile Blue redox probe at one 5 ′ -end and thiol linker at the other 5 ′ -end. The monolayer was assembled on silicon chips bearing sixteen 2 mm 2 gold electrodes, which enabled simultaneous comparison of up to four distinct monolayers on a single chip with fourfold redundancy 34 . All monolayers were assembled as duplex DNA and, prior to testing, the electrodes were backfilled with mercaptohexanol to passivate against direct electrochemistry with the gold surface. Previously, the morphology of DNA monolayers on gold electrodes was investigated with atomic force microscopy 37, 38 ; at negative potentials the duplexes were repelled from the surface to a near-vertical orientation.
Electrochemical behaviour of well-matched and mismatched 100-mer monolayers. First, we explored the general electrochemical characteristics of DNA as a 34 nm molecular bridge between the gold electrode and Nile Blue redox probe. Cyclic voltammetric (CV) peaks from these monolayers are given in Fig. 2 . The CV results from well-matched 100-mer monolayers exhibit large peaks associated with the Nile Blue redox probe, indicative of effective CT at a midpoint potential of -240 mV versus a Ag/AgCl reference. The integrated cathodic and anodic peak areas for these well-matched monolayers were 1.7+0.1 nC and 3.6+0.1 nC, respectively, which correlate with a surface coverage of approximately 1 pmol cm 22 ; some variations arose with buffer and adventitious oxygen. The surface coverage and the CV peak areas were comparable to those observed with 17-mers. For instance, the average CT through well-matched 17-mers modified by Nile Blue was 3.5+0.5 nC, as averaged over 100 electrodes 34 .
Therefore, the 34 nm DNA was comparably as effective a surfaceto-probe bridge as smaller oligonucleotides. To verify that the charge was passing through the DNA, we also measured the electrochemistry of well-matched DNA duplexes against duplexes that contained a single mismatched base pair (CA) on the same chip (Fig. 2a) . Mismatched bases have been shown to attenuate DNA CT through perturbations of the p-stack 24, 25, 34, 39 . Comparing well-matched and mismatched DNA monolayers on the same chip ensured that both were subjected to the same processing conditions. As seen, the mismatch clearly attenuated the CT, as the average CV peak area was significantly lower, measuring only 0.8+0.1 nC and 1.8+0.2 nC for the cathodic and anodic peaks, respectively, a factor of two or more lower than that of the well-matched monolayer in each case. The mismatched peaks exhibited slightly larger splitting, although this difference does not hold at higher scan rates. This effect was independent of mismatch position; placement of the mismatch at positions that differed by up to 20 base pairs in the 100-mer, through single base changes in the central 36-mer segment, resulted in similar signal attenuation (data not shown). The mismatch inhibited the transport capability of the DNA bridge regardless of its position in the 100-mer.
To establish the reproducibility of mismatch attenuation, we tested DNA CT of well-matched and mismatched 100-mer monolayers side-by-side across six chips, which represented over 40 electrodes of each type of monolayer (configuration as illustrated in Fig. 2 ). We found that the ratios of the cathodic CV peak areas of well-matched to mismatched monolayers were 2.3+0.4. A t-test of this ratio distribution in comparison to the null ratio of 1 had a P-value of 0.0005. By comparison, this well-matched to mismatched ratio is 1.9 to 3.5 for various intercalating redox probes in 15-mer DNA 24 and 2.7-2.8 for 17-mer DNA with a Nile Blue redox probe 34 . The consistency of this measured attenuation for mismatches with prior measurements of mismatched monolayers demonstrates that charge flow depends on the integrity of the DNA p-stack, a strong argument that transport occurs through the 100-mer DNA. Furthermore, that a single defect in a 100-mer produced an effect similar to one in much shorter DNA is remarkable given the substantial length disparity.
Kinetics of charge transfer through 100-mer monolayers. Electron-transfer kinetics were estimated by measuring the scanrate dependence of the peak splitting between the anodic and cathodic Nile Blue CV peaks of these DNA monolayers. At high scan rates (.1 V s 21 ), the voltammetry enters the totally irreversible reaction regime and the peak splitting becomes linear with scan rate. By applying Laviron analysis 40 in this regime, the electron-transfer rate k can be estimated. Interestingly, as shown in Fig. 3 , the electron-transfer kinetics of well-matched and mismatched 100-mer DNA monolayers were virtually identical, as with prior measurements of 17-mers 34 . For the well-matched 100-mer, k 100 ¼ 39 s 21 , and similarly the mismatched 100-mer yielded k 100 ¼ 40 s 21 . Although slow, these transfer rates are significantly faster than those expected for tunnelling across 34 nm from the electrode directly to the redox probe [41] [42] [43] . These figures are also indistinguishable (given the analysis) from those obtained from the 17-mer monolayer on the same chip, for which k 17 ¼ 25 s 21 , consistent with our previous studies of DNA of similar lengths 34, [44] [45] [46] [47] . Thus, the electron-transfer rates of these monolayers exhibited essentially no variation with length over this regime. Previous transfer-kinetic studies of DNA monolayers with 16-mer sequences showed an exponential dependence of the electron transfer rate with linker length with a coefficient for the electronic coupling, b ¼ 1 Å 21 , consistent with values expected for tunnelling through a saturated carbon linker 47 ; the extrapolated transfer rate through the 16-mer DNA in the absence of the linker was 10 8 s 21 . It appears that the rate-limiting step is not CT through the DNA duplex, but rather transport through the alkanethiol linker. Thus, the estimated rates are also fully consistent with rapid transfer through the 100-mer DNA assembly.
To provide further evidence that CT in the 100-mer is DNAmediated and does not involve direct interaction of the Nile Blue probe with the surface, we prepared a chip with the well-matched 100-mer, a well-matched 17-mer, the 100-mer assembly without the central 36-mer single-stranded segment and the single-stranded 25-mer DNA modified with the Nile Blue probe alone without complement (Fig. 4) . The single-stranded 25-mer modified with Nile Blue provided a clear control for direct contact of the redox probe with the surface. The 25-mer, which lacked a thiol, was adsorbed onto the gold through direct interactions of the bases and redox probe with the surface; the probe reduction was not DNA-mediated. Consistent with this, it is evident in Fig. 4 that the CV of the 100-mer differed significantly from that of the adsorbed single-stranded DNA modified with Nile Blue, not only with respect to the signal intensity and peak shape, but also with respect to peak splitting and midpoint potential. The CV of the 100-mer instead resembled that of the 17-mer, for which CT was DNA-mediated. Moreover, although direct surface-reduction of the Nile Blue probe on the single-stranded DNA yielded a sharp CV peak that showed only minor splitting at fast scan rates, DNA-mediated reduction of the Nile Blue probe through the well-matched 100-mer and 17-mer yielded a broad peak that was split significantly and further broadened at fast scan rates. These pronounced visible differences in the electrochemistry can be attributed to the greater kinetic barrier associated with charge transfer through the DNA as compared to direct contact and reduction at the electrode surface. This kinetic difference is highlighted further by the measured CT rates for these samples; surface reduction of the Nile Blue probe on single-stranded DNA occurred at a nearly 40-fold faster rate than charge transfer through the 100-mer and 17-mer DNA, based on Laviron analysis for these chips. Although kinetic comparisons can be made between these assemblies, signal intensities are hard to compare because of the substantial differences in mode of adherence to the surface and the resultant packing densities.
As evident in Fig. 4 , leaving out the central 36-mer to create a duplex with a central single-stranded segment that can easily bend and sway also yielded drastic electrochemical changes. Not only was its redox peak significantly smaller than that of the fully assembled 100-mer (cathodic peak size of 0.7 nC versus 2 nC, respectively), the decreased peak splitting and sharper peak shape much more closely resembled those of the single-stranded DNA sample modified by Nile Blue. Thus, the Nile Blue redox signal of the 100-mer DNA missing the 36-mer segment was probably caused by direct contact of the probe with the surface, just as for the single-stranded 25-mer. Interestingly, the signal for this disordered jumble of DNA on the surface was much smaller than the signal from either the single-stranded DNA modified by Nile Blue or the fully assembled, well-matched 100-mer.
Restriction-enzyme activity on 100-mer monolayers. Restrictionenzyme activity with these 100-mer-modified electrodes provided another probe of the DNA-mediated reaction. To facilitate restriction, the restriction site must be accessible for protein binding and in a biologically recognizable conformation. If the restriction site is below the Nile Blue redox probe and if the duplex is upright and does not contact the surface, successful cutting releases the probe into solution. This activity would destroy the DNA-mediated CT pathway to the probe to yield significant loss of the redox signal.
To test for restriction-enzyme activity, the chip set up shown in Fig. 4 was exposed to the restriction enzyme RsaI, which cuts the sequence 5 ′ -GTAC-3 ′ with high specificity and leaves blunt ends on the resulting DNA segments. After incubation of the enzyme with 10 mM Mg 2þ for 15 minutes on the chip, signal attenuation (90% by the cathodic peak area of the CV) was observed for the 100-mer, although the other quadrants remained essentially unchanged. This result demonstrates clearly that the DNA in these 100-mer monolayers is accessible to the protein and in a biologically relevant conformation. Moreover, in the 100-mer, CT is necessarily DNA-mediated. For the quadrant that contained the single-stranded Nile Blue probe in direct contact with the surface, exposure to RsaI caused no change in the signal. For the quadrant that contained the 100-mer without the central 36-mer segment, the minimal signal loss (10% by the cathodic peak of the CV) is probably because of the instability of this assembly to the electrode rinsing and buffer-exchange steps required for this experiment. For the 17-mer duplex, there is no restriction site and therefore no expectation of signal attenuation. For the 100-mer, then, the attenuation we observed must reflect that CT to the Nile Blue probe is DNA-mediated.
Restriction-enzyme activity was also monitored as a function of time in the well-matched 100-mer alongside other DNA duplexes that contained the RsaI binding site, including a new wellmatched 17-mer and the 100-mer with a single base-pair mismatch (not at the restriction site). As these three types of DNA all contain the RsaI binding site, successful cutting will result in detachment of the Nile Blue redox probe and attenuation of the electrochemical signal. As a negative control, one well of the chip was modified with the well-matched 100-mer, but kept free of RsaI. Figure 5 illustrates the activity of RsaI over time on these DNA samples. Initially, before the enzyme was added, the signals from all the monolayers were stable in the buffer solution. Subsequently, RsaI was added to the quadrants that contained the well-matched 100-mer, wellmatched 17-mer and mismatched 100-mer. The fourth quadrant, which was modified with the well-matched 100-mer, was isolated in a separate well maintained free of enzyme. Activation of the enzyme with Mg 2þ triggered a rapid decrease in integrated charge from the RsaI-exposed quadrants, but the signal from the quadrant without enzyme increased slightly. The loss of Nile Blue signal for the three connected quadrants is consistent with RsaI cleavage activated by divalent cations; Mg 2þ apparently enhanced the signal from the isolated quadrant. The observation of enzymatic activity in these monolayers demonstrates that the DNA is in its native conformation and biologically active.
Discussion DNA-mediated electrochemistry through 100-mer monolayers revealed large signals for well-matched duplexes, comparable to those observed with shorter duplexes. This result indicates that CT through DNA is robust in these long DNA films. Nonetheless, attenuation by single base mismatches illustrates the delicacy of this process and strongly argues that the integrity of the base pair p-stack is crucial. That a single mismatch within a 100-mer of otherwise well-matched bases caused signal attenuation equal to that seen in mismatched DNA that is 20% of the length establishes a new point of reference for the sensitivity of DNA CT to minor perturbations. Cutting with the RsaI restriction endonuclease demonstrated the biological integrity of the monolayers and also . b, CV scans of the four DNA films prior to addition of enzyme (blue) and after the addition of RsaI (red). The enzyme reaction was carried out in 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 , 4 mM spermidine, pH 7.9. Scans were taken before and after the enzyme reaction in phosphate buffer (5 mM phosphate, 50 mM NaCl, 4 mM MgCl 2 , 4 mM spermidine, 10% glycerol, pH 7). CV scans were measured versus Ag/AgCl at a scan rate of 100 mV s
21
. For the 100-mer, 17-mer and single-stranded 25-mer, respectively, the peak splittings were 80 mV, 60 mV and 15mV, the midpoint potentials were -180 mV, -180mV and -170 mV, and k 100 ¼ k 17 ¼ 39 k ss25 . Values could not be determined accurately for the 100-mer that did not have the 36-mer strand.
illustrated the utility of these longer DNA assemblies for sensing DNA-binding protein reactions. The ability to construct these CT-active assemblies using smaller oligonucleotides may be particularly useful for associated nanoelectronics applications. All of these results document that DNA can facilitate efficiently charge transport over 100 base pairs, or 34 nm, close to the persistence length of duplex DNA in solution. This remarkable distance for CT surpasses those in other reports of long-range transport through conjugated molecular wires 8, 9 , and is among the longest distances reported for a molecular monolayer 4, 5, 7, 48 . From our estimates of electron-transfer rates, which are essentially the same for the 100-mer and 17-mer, the rate-limiting step must still be tunnelling through the alkanethiol linker. This puts a lower bound on the rate of electron transfer through the 100-mer DNA itself. In our previous studies of a 16-mer, in which we saw significant variations in rate caused by linker length, we could extrapolate that the rate of electron transfer through the 16-mer must be .10 8 s
. Given our lower bound for the 100-mer, k 100 ¼ 10 2 s
, that is no faster than that through the linker, we obtain an estimate for b of 0.05 Å 21 through the DNA. This conservative estimate is in the range of conventional conjugated molecular wires 2-9 (0.001-0.2 Å
). Simply put, even for this 34 nm DNA wire, the small alkanethiol linker is still rate-limiting.
The full mechanism associated with this DNA-mediated electrochemistry is still elusive, and this study highlights several observations that are difficult to reconcile. Despite a wide range of redox potentials, various redox probes are compatible with DNA electrochemistry as long as the probes are electronically wellcoupled to the DNA base-pair stack 28 . For all of these probes we found that they are reduced near their free redox potentials. However, the reduction potentials of the individual bases were all significantly higher than the redox potentials of the probes. In this study, the reduction potential of Nile Blue (2250 mV versus Ag/AgCl) was substantially more positive than that of any of the free bases (less than 21 V versus Ag/AgCl) 49 . To date, direct reduction of DNA has not been observed at the potentials of these redox probes, nor would it be consistent with the parameters involved. This conundrum could be reconciled if the stacked DNA duplex forms a delocalized band structure, different from individual bases, that has a low-lying lowest unoccupied molecular orbital from the overlapping p-orbitals of the bases. Although such a band structure is plausible, to date an equilibrium band structure has not been observed experimentally. Our group thus postulated that DNA CT is conformationally gated and that the CT-active state or states are transient, nonequilibrium states 50 . Experimental evidence suggests that in solution these states, which we consider to be delocalized domains of the p-stacked bases, extend over about four base pairs 50 . Whether these domains are more extended or less transient within the DNA film versus within solution is unclear. Unlike conventional molecular wires, which exhibit inherent rigidity, DNA undergoes motions on time scales of picoseconds to milliseconds. The fleeting alignment of the bases creates a delicate p-network with CT states that are active only transiently. The observation that a single mismatch in a 100-mer is resolved with the same degree of signal attenuation as seen in much shorter DNA further underscores how remarkably small perturbations in this system profoundly influence the global orbital network. A poorly stacked single base-pair mismatch may block the formation of the potential band structure.
Is DNA a molecular wire? In this experiment, clearly it bridged the electrode and redox probe over 34 nm. DNA not only fulfils many of the requirements of molecular wires, but also it surpasses conventional wires in its ease of synthesis and flexibility of design. However, this is a transient and fragile wire, as it must be maintained in buffered solution, and effective conduction over its length is extraordinarily sensitive to subtle structural variations. Indeed, the DNA bridge may be considered instead as an extension of the gold electrode, a sensor 34 nm long to detect solution-borne targets. Although the sensitivity to base stacking presents a challenge to the use of DNA as a molecular wire for integrated circuits, the ability to make long, well-coupled DNA assemblies in circuits is a clear benefit. Moreover, the DNA wire is ideal for biosensing under physiological conditions.
Methods
Oligonucleotide synthesis and purification. Oligonucleotides were synthesized on an Applied Biosystems 3400 DNA synthesizer. Each double-stranded 100-mer was formed from five single-stranded segments (see Supplementary Fig. S1 ) that were annealed to form the complete sequence 5 ′ -(SH linker)-AGT ACT GCA GTA GCG ACG TCA TAG GAC ATC AGT CTG CGC CAT TCA TGA CAT ACG TAC GCA GTA GGT GAA TCG TGG CAG GTC AGT CAT GTA TAC TGC ACT A-3 ′ with the complementary sequence that contained a Nile Blue redox probe coupled through a 5 ′ -terminal uracil analogue, as described previously 33, 36 . For the mismatched 100-mer duplex, a single base-pair mismatch (CA) was incorporated primarily at A. For comparison, experiments were also carried out with mismatches generated at the underlined bases above; the italicized bases 5 ′ -GTAC-3 ′ mark the location of the RsaI binding site. The linker was the six-carbon thiol modifier C6 S-S from Glen Research. The 17-mer duplexes were prepared with the sequences 5 ′ -(SH linker)-GA GAT ATA AAG CAC GCA-3 ′ for the 17-mer without the RsaI binding site and 5
′ -(SH linker)-GA GAT ATA AAG TAC GCA-3 ′ for the 17-mer with the RsaI binding site with, for each, the respective complementary well-matched single strand modified by Nile Blue. Each single strand was purified by high-performance liquid chromatography (HPLC) using a 50 mM ammonium acetate buffer/acetonitrile gradient. The synthesis and purification of each strand, including the Nile Blue and C6 thiol modifications, followed the reported protocol 33 . For the 73-mer strand, the HPLC column was heated to 40 8C to discourage the formation of a secondary structure. Subsequently, the purified oligonucleotides were desalted and quantified by ultraviolet-visible spectrophotometry according to their extinction coefficients (IDT Oligo Analyzer). Duplexes were formed by thermally annealing equimolar amounts of oligonucleotides at 90 8C for five minutes in deoxygenated phosphate buffer (5 mM NaPhos, 50 mM NaCl, pH 7.0) followed by slow cooling to ambient temperature. The integrity of each strand was verified by HPLC, matrix-assisted laser desorption/ionization-time of flight mass spectrometry and ultraviolet-visible spectroscopy, and full hybridization and stoichiometry of double-stranded DNA solutions were confirmed through ultraviolet analysis of melting temperature (see Supplementary Fig. S2 ).
Preparation of DNA monolayers and electrochemical analysis. DNA monolayers were formed by assembly on chips bearing 16 gold electrodes (described previously 14 ). Each chip was prepared with up to four sequences of 25 mM duplex DNA solutions in phosphate buffer that contained 100 mM MgCl 2 . Typically, monolayer formation was allowed to proceed in a humidified environment for a period of 16-20 hours. Upon completion of film formation, the cell was backfilled with 0.5 mM 1-mercaptohexanol in a 95:5 phosphate buffer/glycerol solution for 60 minutes. The electrodes were rinsed thoroughly prior to the electrochemistry experiments to ensure removal of residual alkanethiols. CV and square-wave voltammetry experiments were performed by automated measurement with a CH760B Electrochemical Analyzer and a 16-channel multiplexer module from CH Instruments (Austin, TX). Chips were tested with a common Pt auxiliary electrode and a common Ag/AgCl reference electrode. Unless otherwise noted, electrochemistry was recorded at ambient temperature in Tris buffer containing 10 mM Tris, 50 mM NaCl, 10 mM MgCl 2 and 4 mM spermidine at pH 7.1. Electron-transfer kinetics were estimated by Laviron analysis 40 .
Restriction assay. The restriction enzyme RsaI was purchased from New England Biolabs. The shipping buffer was exchanged with Tris buffer containing 10 mM Tris, 50 mM NaCl and 4 mM spermidine, pH 8.0, using a Pierce Slide-A-Lyzer minidialysis kit with overnight stirring. Measurements were carried out on chips with the standard, single-well set up as well as with a custom-built well clamp bearing a control quadrant to maintain one quadrant free of enzyme (see Supplementary Fig. S3 ). The reference and counter electrodes were thoroughly rinsed with deionized water when transferring between wells.
